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Abstract

Diffusion has been widely applied to model animal movement that follows Brownian
motion. However, animals typically move in non-Brownian ways due to their percep-
tual judgment. Spatial memory and cognition recently have received much attention
in characterizing complicated animal movement behaviours. Explicit spatial memory
is modeled via a distributed delayed diffusion term in this paper. The distributed time
represents the memory growth and decay over time, and the spatial nonlocality reflects
the dependence of spatial memory on location. When the temporal delay kernel is weak
under the assumption that animals can immediately acquire knowledge and memory
decays over time, the equation is equivalent to a Keller—Segel chemotaxis model. For
the strong kernel with learning and memory decay stages, rich spatiotemporal dynam-
ics, such as Turing and checker-board patterns, appear via spatially non-homogeneous
steady-state and Hopf bifurcations.
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1 Introduction

The diffusion equation has been popularly used to model random movements of
both macroscopic and microscopic substances. Though, in general, diffusion has an
averaging and smoothing effect on the distribution of the density function, different
diffusion rates of different species may lead to spatial pattern formation as a result
of Turing instabilities (Turing 1952). However, animal movement usually follows
non-Brownian motion in nature. For instance, there are some kinds of biased animal
movement in predator-prey systems: the prey-taxis or predator-taxis effect (Kareiva
and Odell 1987; Lee et al. 2009; Wu et al. 2016; Tao 2010) which describes the
repulsive or attractive animal movement due to the fear of the predation risk or the
attraction of a predator to prey. These examples all ignore the delay effect caused by
the memory of animals. Recently, it has been recognized that spatial memory and cog-
nition are important factors for determining animals’ diffusive movement with bias
(Fagan et al. 2013).

Cognitive processes play a significant role in animals’ movement decisions, and
animal movement modeling can be complicated because of different perceptual mech-
anisms (Golledge 1998; O’Keefe and Nadel 1978). Although specific mechanisms are
still debatable, most modelers believe that perception (information acquisition) and
memory (the retention of information) play dominant roles in interpreting complicated
animal movement behaviors. Generally speaking, memory is the storage, encoding,
and recalling of information. Spatial memory is the memory of spatial locations in a
living organism landscape. A strong motivation for the significance of spatial memory
in animal movements is the empirical evidence of blue whale migrations presented
by Abrahms et al. (2019) and discussed by Fagan (2019). Much progress has been
made in incorporating spatial cognition or memory implicitly, such as home range
analysis (Moorcroft et al. 1999; Moorcroft and Lewis 2006), scent marks (Lewis
and Murray 1993), taxis-driven pattern formation (Potts and Lewis 2019, 2016),
information gaining through the last visit to locations (Schlidgel and Lewis 2014),
perceptual ranges (Fagan et al. 2017), and delayed resource-driven movement (Foss-
Grant 2017). Among these models, the closest one to ours is the model proposed
in Potts and Lewis (2019), where there is a drift term depending on the spatially
averaged population density at the current time. The model was used to study terri-
torial pattern formation in Potts and Lewis (2016). However, this model ignores the
delay effect induced by spatial memory. In Schldgel and Lewis (2014), the authors
demonstrated that animals may gain information through the last visit to locations.
Moreover, they explored the movement patterns induced by the interactions of informa-
tion gained via past visits and environmental information. Fagan et al. (2017) proposed
a resource-driven movement model for studying perceptual ranges and foraging suc-
cess, and the delay effect was later considered in the resource-driven movement model
in Foss-Grant (2017).

We formulate a partial differential equation model for a single species animal move-
ment with the explicit incorporation of spatial memory via a distributed spatiotemporal
delayed diffusion. Throughout the paper, we use u(x, ¢) to denote the population den-
sity of species in spatial location x at time ¢. It is also assumed that the population is in
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a spatial habitat €2, an open, bounded, and connected subset of R” withm =1, 2, 3.
The boundary 9€2 is smooth. Then, the population density u(x, t) satisfies

ur(x,t) =diAu(x,t) +drdiv(u(x, t)Vo(x,t)) + f(u(x, 1)), x e, t>0,
Opu(x,t) =0, x €02, 1t>0,
u(x,t) =n(x,1), xeQ, te(—o00],

(1.1)

where the function v(x, t) is defined by

t
v(x,t) =gxGxu(x,t)= / / Gx,y, t —s)gt —s)u(y,s)dyds. (1.2)
—00 JQ

Here the parameters d; > 0 and d» € R are the random diffusion coefficient and
the memory-based diffusion coefficient, respectively; the function f describes the
biological birth/death of the population; the function u(x, ) satisfies a Neumann type
boundary condition d,u(x, t) = 0 (d,u is the outer normal derivative of u at x € 9€2),
which makes the system mass-preserved with properly chosen kernel function G; and
n(x,t) > 0is the initial condition.

In this model, the memory-based distribution function v(x, ) depends on time and
location, as we assume that animals have knowledge of their prior spatial distribu-
tions from knowledge transfer, which is different from the assumption in Schldgel and
Lewis (2014) that the information gaining comes from past visiting experiences. In
(1.2), the spatial weighting function G(x, y, t) measures the familiarity of the ani-
mals at location y for the environmental information of location x and describes how
the accumulated information in animals’ mind depends on space. Here we choose the
Green’s function of the diffusion equation with homogeneous Neumann boundary con-
dition as the spatiotemporal kernel function G (x, y, t), which preserves the biomass.
From the boundary condition that 9,G (x, -, ) = 0 where 9,G(x, -, ) is the outer
normal derivative of G with respect to x, one can obtain that d,v(x, t) = 0 holds for
x € 0. Together with d,u(x, r) = 0, we have d10,u(x, t) + dou(x, t)d,v(x,t) =0
on the boundary of Q. Hence the Neumann boundary condition in (1.1) is equivalent
to a no-flux boundary condition for . Under the above assumption, we have

Glx,y, 1) =) e 1M'¢;(x)¢;(y), (1.3)

j=0

where A ; satisfying0 =219 < A; <Az <--- <A; <--- = +00, as j — 00, are
the eigenvalues of the eigenvalue problem

(1.4)

—Ad(x) =21p(x), x €,
Inp(x) =0, x €0Q,
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and ¢;(x) are the normalized corresponding eigenfunctions of A ;. Equivalently, the
function G(x, y, t) satisfies (for fixed y)

Gi(x,y,t) =di1A,G(x, y, 1), xe€Q,t>0,
0,G(x,y,t) =0, x €0, >0,
Gx,y,0) =68(x —y).

Here §(x) is the Dirac delta measure on £2.

The temporal weighting function g (¢) shows the distribution of memory dependence
on the past time. In our model, we choose the Gamma distribution function of order
k (with k € NU {0}):

tke—t/r

"Dk 4+ 1)

In particular, we mainly consider the following two specific cases which are commonly
employed in the biological modeling (Cooke and Grossman 1982; Gourley and Ruan
2000; Macdonald 1987):

gk(t) = (1.5)

1
go(t) = gu() = —e 7, gl(t)zgs(t)z%e*
T T

A~

(1.6)

These are referred to as the weak kernel and the strong kernel, respectively. The weak
kernel function gy, (¢) is strictly decreasing in ¢, which biologically reflects one of
the common ways of memory decay: the longer time goes by, the dimmer memories
become. While the strong kernel g (¢) is increasing first and then decreasing, which
indicates the knowledge acquisition phase and the knowledge decay phase. The mean
and variance of g;(-) are given by E(g;(-)) = (j + 1)t and Var(g;(-)) = (j + 72,
both of which depend on 7, hence 7 is related to the average of delay kernels. In this
sense, we take t as the parameter to measure the influence of spatial memory on the
dynamics.

Moreover, G : Qx Q2 x (0, o0) — R is a(generalized) measure and g : [0, c0) —
R is a probability distribution function satisfying

o
/ Gx,y,t)dx =1, yeQ, t>0, and / g(t)dt = 1. (1.7)
Q 0

Hence the function v(x, f) is a spatiotemporal average of the past population den-
sity, and it is reasonable to call v(x, ) the memory function of the population. In the
model (1.1), we also assume that while moving around, animals collect information
about the global situation with the spatial weighting function G (knowledge depend-
ing on space) and the temporal weighting function g (knowledge growth and decay
over time); at their current position, the gradient of the past accumulated weighted
spatial information of the population serves as the velocity in the advection term;
and apart from advection, the random diffusion term describes the unbiased motion
of animals. Similar to the classical diffusion equation, the model (1.1) describes the
average behavior of all individuals in a group by ignoring individual behaviors.
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The movement of population in (1.1)—(1.2) can be derived from mass conservation
law and a modified Fick’s law following Shi et al. (2020):

Jx,t) = —=d|Viu(x,t) —dyw(x,t) - u(x,t),

where w(x, ) is a vector field indicating animal movement direction and strength. In
(1.1), we assume that

t
w(x,t) =V, (/ / Gx,y, t —s5)gt —s)u(y, s)dyds) . (1.8)
—00 JQ

In addition to the random diffusion with the coefficient dj, the flux is proportional to
the negative gradient of a weighted average historic density distribution. In Shi et al.
(2020) and Shi et al. (2019), it is assumed that

w(x,t) = Viulx,t — 1),

which indicates the flux is proportional to the negative gradient of historic density
function at a fixed past time. However, it is more realistic to use a nonlocally and
temporally distributed average of spatial memory because the temporal and spatial
distributed delay reflects that the decay of spatial memory depends on time and the
distance of past animal distributions from the decision-making individual. Such non-
local delay v(x, #) defined in (1.2) was first used in Britton (1990) for an unbounded
domain and in Gourley and So (2002) for a bounded domain, see also (Chen and Yu
2016; Zuo and Song 2015; Zuo and Shi 2021) for related work. In all existing work,
the nonlocal delay always appears in the reaction term (growth, etc.) of the population,
while in our model (1.1), the nonlocal delay appears in the diffusion term of the pop-
ulation. Eq. (1.8) represents a nonlocal flux, and another type of nonlocal advection
effect is considered in (Ducrot et al. 2018; Hillen and Buttenschén 2020) but for a
totally different context.

In this paper the dynamic properties and pattern formation mechanisms of (1.1)—
(1.2) are extensively studied via bifurcation analysis. To be more specific, we provide
the conditions on the diffusion coefficients dj, d>» and the kernel functions for the
spatial patterns (non-constant steady states) or spatiotemporal patterns (spatially non-
homogeneous time periodic orbits) to be generated by the system (1.1)—(1.2). When
the spatiotemporal kernel function G (x, y, ) is given by (1.3) and the delay-dependent
kernel function g(¢) is given by (1.6), system (1.1)—(1.2) is equivalent to a system of
reaction—diffusion equations with a chemotactic term (Gourley and So 2002; Zuo and
Shi 2021). For example, with the weak kernel g,, (¢), the equation of « in (1.1) with v
given by (1.2) is equivalent to a system of two reaction—diffusion equations:

ur(x,t) =dyAu(x,t) + drydivu(x, t)Vo(x, 1)) + f(u(x, 1)), x € Q, t>0,
ve(x, 1) =djAv(x,t) + %(u(x, 1) —v(x, 1)), xeQ,t>0 (1.9
Opu(x,t) = dpv(x, 1) =0, x€d, t >0.
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Our theoretical results on the pattern formation are mainly derived from the bifur-
cation theory for the equivalent system (1.9) and the corresponding one for the strong
kernel. It is also a surprising coincidence that system (1.9) is the same as a rescaled
Keller—Segel chemotaxis model with growth (Bellomo et al. 2015; Hillen and Painter
2009; Keller and Segel 1970; Tello and Winkler 2007):

ur(x,t) =d1Au(x,t) + dadiv(u(x,t)Vo(x, 1)) + f(u(x, 1)), x € Q, t >0,

vi(x,t) =dsAv(x,t) +au(x,t) — bv(x,t), xe, t>0,

Opu(x,t) = dyv(x,t) =0, x €0, t>0.

(1.10)

Typically u(x, ¢) in (1.10) is the population density of cells, and v(x, #) is the density
of a chemical signaling molecule. In model (1.10), d; and d3 are the random diffusion
rates for u and v respectively, d5 is the biased taxis-driven diffusion rate, @ and b are the
rates of production and degradation of the chemical signal v (Hillen and Painter 2009).
When the growth function f («) = 0, Eq. (1.10) is the so-called minimal Keller—Segel
model proposed by the seminal work of Keller and Segel (1970). The dynamics of
(1.10) with growth rate has been studied in, for example, (Winkler 2010, 2014b, a,
2017). The chemotaxis coefficient d> in the original Keller—Segel model is negative
since cells are usually attracted to the chemical signals’ higher density location. Still,
the repulsive chemotaxis effect (with positive d;) has also been considered (Tao 2013;
Wang and Zhao 2013). The above discussion provides an alternative derivation of the
Keller—Segel chemotaxis model, but the variable v is now interpreted as the “memory”’
which is a nonlocal and temporal distributed average of historic densities, instead of as
a current chemical signaling function in the classical Keller—Segel model. On the other
hand, our new model based on nonlocal delayed memory can also be understood as a
chemotaxis model in which the population is either attracted to (d> < 0) or repelled
by (d2 > 0) its past tracks (Shi et al. 2020). Naturally, animals escape from high
density due to the limitation of resources. Thus the animals will flee from the high-
density area in their memory, so we have d, > 0. However, some social animals have
aggregations, such as starling flocks and insects, for group defense or group working
(van Schaik 2010; Kappeler 2010). Such group behavior will impel the animals to be
attracted to the high-density area, which leads to d» < 0. Potentially, some animals
may use optimal mixed strategies of social behaviors according to the environmental
conditions. For instance, they may select to move to location with higher density where
resources are abundant, and they need to work together, but they may select to move
to location with lower density next time when resources are limiting. In this case, we
have the switching between d» > 0 and d» < 0 when some environmental conditions
change. However, we shall not consider such generalizations here, and for simplicity,
we focus on pure strategies where d» attains a constant.

Throughout the paper, we assume that the nonlinear function f and diffusion coef-
ficients satisfy

(H1) f : U — R is continuously differentiable, where U is an open interval; and

there exists & € U such that f(0) = 0 and f'(9) < 0;
H2) di >0,d>» e R.
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Our main interest is the stability of the constant equilibrium # = 6 with respect to
(1.10) (or the equivalent system), and the instability often leads to the existence of
spatial or spatiotemporal patterns. Our main results can be summarized as follows:

1. for the weak kernel case: there exists d5 < O such that the constant equilibrium
is locally asymptotically stable when d» > d3, and it is unstable when d, < d.
Moreover steady-state bifurcations occur at a sequence of values d, = d;fn (=dy)
to give rise to spatial patterns;

2. for the strong kernel case: there exist di"’ g < 0and d; g > 0 such that

(a) when dj ¢ < d» < dj ;, the constant equilibrium is locally asymptotically
stable;
(b) when dp > dz - the constant equilibrium is unstable, and a family of Hopf

bifurcations occur at a sequence of values dr = dan (> d3 ;) and spatially
non-homogeneous periodic orbits arise;
(c) when d, < dj g, the constant equilibrium is unstable, and a family of steady-

state bifurcations occur at dy = dg » (£ d5 ) and spatially non-homogeneous
steady states arise.

These results are similar to diffusion-induced Turing instability in the sense that the
non-homogeneous patterns result from linear instability of the constant equilibrium.
In comparison, a large repulsive memory-based movement can produce time-periodic
patterns that do not exist for the Turing mechanism in the strong kernel case. The
results above also reveal the subtle difference of the weak and strong kernels on
the pattern formation: for both weak and strong kernels, a strong attractive memory-
based movement (i.e., d» > 0 and |d>| is large) induces spatial patterns; but only
for the strong kernel, a strong repulsive memory-based movement (i.e., d» < 0 and
|d>| is large) can induce spatiotemporal patterns through Hopf bifurcations. It should
be noted that the weak kernel case (Keller—Segel chemotaxis model with growth)
has been studied extensively in recent years (Kuto et al. 2012; Ma and Wang 2015;
Mimura and Tsujikawa 1996; Painter and Hillen 2011; Tello and Winkler 2007). Not
only non-homogeneous steady-state solutions have been found analytically through
bifurcation methods, but non-homogeneous periodic orbits and even chaotic dynamics
have also been found numerically (Kuto et al. 2012; Painter and Hillen 2011). Here we
rigorously show the existence of spatial and temporal doubly-periodic orbits (checker-
board patterns) for the strong kernel and repulsive case, which is also interesting for
the chemotaxis model as repulsive chemotaxis is usually thought to be a stabilizing
force (Tao 2013; Wang and Zhao 2013). Spatially non-homogeneous time-periodic
orbits for chemotaxis models were also found in (Liu et al. 2013) for an attractive-
repulsive Keller—Segel model and in (Zuo and Song xxx) for a predator-prey system
with indirect prey-taxis.

This paper is organized as follows. We derive the equivalent systems of Eq. (1.1) for
the weak and strong kernel cases, respectively in Sect. 2. In Sect. 3, for the weak kernel
case, we study the stability of the constant equilibrium of the equivalent system and
provide a detailed bifurcation analysis and give the conditions for pattern formation.
The bifurcation analysis of the strong kernel case is given in Sect.4. We apply our
general results to a logistic growth model in Sect. 5, and the bifurcation direction and
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stability of the steady-state are determined. Finally, we conclude and discuss our work
in Sect. 6, and some detailed proofs and calculations are given in the “Appendix”.

In the paper the space of measurable functions for which the p-th power of the
absolute value is Lebesgue integrable defined on a bounded and smooth domain 2 C
R™ is denoted by L”(£2) and we use WX-P(Q) to denote the real-valued Sobolev
space based on L?(2) space. Denote X = {u € W2P(Q) : 8,u =0, x € 99} and
Y = LP(Q2), where p > m. We denote by N the set of all the positive integers, and
No = NU {0}.

2 Equivalence of systems

In this section, we establish the equivalence between the scalar Eq.(1.1) and
chemotactic-diffusive systems without nonlocal delay. By a similar method in The-
orems 2.3 and 2.4 in (Zuo and Shi 2021), we have the following results on the
equivalence of the two systems under weak or strong kernel.

_L
T!

Lemma 1 Suppose that kernel g(t) is given by the weak kernel function g,,(t) = %e
and define

t
v(x,t) = (gwxG*xu)(x,t) = / / Gx,y, t —s)gw —s)u(y,s)dyds. (2.1)
—00 JQ

1. Ifu(x,t)isthesolutionof (1.1)andv(x, t)isdefinedby (2.1), that (u(x, t), v(x, 1))

is the solution of

ur(x,t) =d1Au(x,t) +dydiv(u(x, t)Vo(x,t)) + f(u(x, 1)), x €, t >0,

v, 1) =diAv(x, ) + L, ) —vix, ), xeQ, >0,
Opu(x,t) = dpv(x, 1) =0, x€od2, t >0,
u(x, 0) = n(x, 0), x € Q,
v(x,0) = %fﬁ’oo fQ G(x,y, —s)e%n(y, s)dyds, x € Q.

2.2)

2. If (u(x,t), v(x, t)) is a solution of

ur(x,t) =d1Au(x,t) + drydiv(u(x, t)Vo(x,t)) + f(u(x, 1)), x € Q, t € R,

v, 1) =diAv(, ) + L 1) —vix, ), xeQ, teR,

Opu(x, ) = dv(x, 1) =0, x€dQ, teR.

2.3)

Then u(x, t) satisfies Eq. (1.1) such that n(x,s) = u(x,s) for —oo < s < 0. In
particular, if (u(x), v(x)) is a steady state solution of (2.3), then u(x) is a steady
state solution of (1.1); and if (u(x, t), v(x, t)) is a periodic solution of (2.3), then
u(x, t) is a periodic solution of (1.1).

For the strong kernel case, we can similarly obtain the following equivalence.
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Lemma 2 Suppose that kernel g(t) is given by the strong kernel function gs(t) =
T’—ze_%, and define

t
v(x,t) =gy * Gxu(x,t) = / / Gx,y, t —s5)gs(t —s)u(y,s)dyds. (2.4)
—00 JQ

1. If u(x,t) is the solution of (1.1) and v(x,t) is defined as in (2.4), then
(u(x,t), v(x,t), w(x,t)) is the solution of

ur(x,t) =d1Au(x,t) + dadiv(u(x,t)Vu(x,t)) + f(u(x, 1)), x € Q, t >0,
ve(x,t) =diAv(x, t) + %(w(x, 1) —v(x, 1)), xe,t>0,
w(x, ) =diAw(x, ) + Tux, 1) — wx, 1), xeQ, >0,
opu(x,t) = dyv(x,t) = daw(x, t) =0, x €09, t >0,
u(x,0) =n(x,0), x € Q,
v(x,0) = fi)oo Jo G(x,y, —s);—zse%n(y, s)dyds, x e,
w(x,0) = fi)oo fQ G(x,y, —s)%e%n(y, s)dyds, x € Q.
2.5
2. If (u(x, t),v(x,t), w(x, t)) is a solution of
ur(x,t) =diAu(x, t) + dodiv(u(x, t)Vou(x, 1)) + f(u(x, 1)), x € 2, t € R,
v (x, ) =diAv(x, 1) + T(wx, 1) — v(x, 1), xeQ, teR,
wi(x, 1) =diAw(x, ) + Tux, 1) — wx, 1)), xeQ, teR,
Opu(x,t) = d,v(x,t) = d,v(x, 1) =0, x €0, t eR,
(2.6)

Then u(x, t) satisfies Eq. (1.1) with the strong kernel g(t) such that n(x,s) =
u(x,s) for —oo < s < 0. In particular, if (u(x),v(x), w(x)) is a steady
state solution of (2.6), then u(x) is a steady state solution of (1.1); if
(u(x,t),v(x,t), w(x,t)) is a periodic solution of (2.6), then u(x,t) is a peri-
odic solution of (1.1).

From Lemmas 1 and 2, one can see the existence of steady states and periodic
solutions of Eq. (1.1) with Gamma temporal distribution function and diffusion spa-
tiotemporal kernel function. Next we show the equivalence of the stability of the
constant equilibrium with respect to the two systems. From the assumption (H1), Eq.
(1.1) has a positive constant equilibrium # = 6. The linearization of Eq. (1.1) atu = 6
is

t
Ye(x, 1) =d1AY(x, 1) + dr60 A (/ / G(x,y,t7s)g(t7s)w(y,s)dyds>
QJ—o0
+ 1O, xeQ, t>0,
O (x, 1) =0, x €0, t>0.

2.7)
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By assuming that ¥ (x, 1) = e* ¢(x), the eigenvalue problem of Eq. (2.7) is given by

t
pp = di Ag + dr0 A ( f f Glx.y.t —5)g(t - s)e*”so(y)dyds) + O,
QJ_
= 2.8)
where © € C and ¢ € X\{0}.

Lemma3 u € Cis an eigenvalue of Eq. (2.8) if and only if there exist some n € Ny
such that [ is a root of the following equation:

drOA,

(1 +dyhyT + pr)ym+l f1© =0, (2.9)

I’L+d1)\n +

where A, and ¢, are the eigenvalues and the corresponding eigenfunctions of (1.4),
and m = 0 for the weak kernel and m = 1 for the strong kernel.

Proof We take the weak kernel as an example to demonstrate the calculation. First,
we substitute (1.3), (1.6) and ¢(x) = ¢, (x) into Eq. (2.8) and obtain

0 -
Hﬁbn(x)em = —di)ndn (x)ep,t + % (/Q / Zedl)‘"(ls)(ﬁn(x)ﬁﬁﬁ(y)e0S>/T€’”dyds>
—00

n=1
— [ O)pu(x)et
= —dihngn(x)e" + dj—g / : (NP FI /D3 et g /Q B Ny (x)e
— [1(O)pn(x)e™
= —dyhn () + 0

m%(x)e“ — f1(0)pn(x)e!.

Eliminating ¢, (x)e’ from both sides, we obtain the characteristic Eq.(2.9) when
m = 0 for the weak kernel case. The calculation for the strong kernel case is similar.

Theorem 1 For Eq. (1.1) with the spatial kernel G taken as (1.3) and temporal kernel
g taken as (1.6), the constant equilibrium u = 0 is locally asymptotically stable
(unstable) when the equilibrium of the equivalent system (2.3) or (2.6) is locally
asymptotically stable (unstable).

Proof Here we still demonstrate the weak kernel case. From Lemma 3, the eigenvalues
of the linear equation of Eq. (1.1) with weak kernel satisfy

by — 20 ) =0 (2.10)
O e i h + T — '
By the method of separation of variables for classical linear reaction—diffusion equa-
tions, it is easy to obtain the characteristic equation for its equivalent two-component
system (2.2):

drO A\, _
— =

(L + dihn — f1(0)) (M + dihn + %) + 0. @2.11)
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A direct calculation shows that Egs. (2.10) and (2.11) are completely equivalent to
each other. A similar procedure can be applied to the strong kernel case, and even
Gamma functions with a larger m.

Remark 1 1. Eq. (1.1) with the spatial kernel G taken as (1.3) and temporal kernel
g as the general Gamma distribution function of order » in (1.5) is equivalent to
a system of (n 4 1) reaction—diffusion equations, and the system consists of one
equation with chemotaxis and n linear equations.

2. The equivalence of stability in Lemma 3 and Theorem 1 also hold for general
Gamma distribution function of order n, and the characteristic equation is (2.9)
form = n.

3 Weak kernel case
From Theorem 1, the stability of the constant equilibrium u = 6 with respect to (1.1)

for the weak kernel case can be equivalently obtained through analyzing the following
reaction—diffusion-taxis system:

ur(x,t) =d1Au(x,t) + dadiv(u(x,t)Vo(x,t)) + f(u(x, 1)), x € Q, t >0,

vi(x,t) =diAv(x, 1) + %(u(x, t) —v(x,t)), xe, t>0,
Opu(x,t) = dyv(x, 1) =0, xed, t >0,
3.1

which admits a constant equilibrium (6, 8). Here we analyze the stability of (6, 0)
with respect to (3.1) and associated bifurcations of non-constant steady states. Similar
stability analysis and bifurcation results have also been obtained in, for example,
(Painter and Hillen 2011; Ma and Wang 2015). We will provide a detailed calculation
of the bifurcation direction and the stability of the bifurcating steady state.

First we linearize Eq. (3.1) at (8, 0), and the stability of (6, 0) with respect to (3.1)
is determined by the following eigenvalue problem

diAp +0AY + f1(0)p = np, x €Q,
diAy + Lo —y) = uy, xeQ, (3.2)
3n§0=3nl/f=0, x € 022.

By using the results of Lemma 3.1 in Shi et al. (2020), the eigenvalues of (3.2) are the
eigenvalues of Jacobian matrix

JY — <_d1)\n + f/(e) _d29)¥n )

n 1 _ _1
T dihn T

(3.3)

where A, are the eigenvalues of (1.4) for n € Ny. Hence we have the characteristic
equations:
W+ T+ Dy =0, neN, (34)
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with

r'e. (3.5)
T

1 dy + dr0
Ty = 2yt~ f'©), Dy = d%x3+<%

- d1f/(9)) An—

Note that 7, = T'race(J,’) and D,, = Det(J).

From (H1) we have f'(0) < 0, hence T, > 0 holds for all n € Ny. However, the
necessary condition for a Hopf bifurcation which is 7,, = 0 cannot be satisfied. If
instead we have f'(0) > 1/t > 0, Hopf bifurcations are possible but the bifurcating
periodic solutions are unstable as the equilibrium u = 6 is unstable. For steady-state
bifurcations we have the following results for Eq. (3.4).

Lemma4 Forn € N, define

0) — dia)(digT + 1
gy = SO )it + D) o 3.6)
’ OAy, neN 7

Then the following results hold:
(1) Eq. (3.4) has no purely imaginary roots for any d, € R;
(i) u = 0isarootof Eq. (3.4) if and only if dy = dﬁ‘fn;
(iii) when dy > d3, all the eigenvalues of Eq. (3.4) have negative real parts; and when
dy < dj, (3.4) has at least one eigenvalue with positive real part.

Proof Since f'(0) < 0, A, > 0 and lim,_, 5, A, = 00, we have dé‘jn <Oforn e N
and lim,,_, o dé"’n = —oo. Hence dj = max,en dy, = sup,cy dﬁ’fn < 0 exists.

The conclusion (i) can be easily seen as 7, > 0 for all n € N U {0} and any
dr € R, while T,, = 01is the necessary condition for Eq. (3.4) to have purely imaginary
roots. Taking d5 as the bifurcation parameter, we immediately obtain the steady-state
bifurcation points dy = dé‘jn satisfying D,, (dé‘jn) = 0 such that Eq. (3.4) has a zero
eigenvalue. This proves (ii). Part (iii) is a direct consequence of the definition of d;.

Based on Lemma 4, we obtain the following results for the stability of (6, ) of
Eq.(3.1).

Theorem 2 Suppose that dy, d, f satisfy (H1) and (H2), and let d5 be defined in
Lemma 4. Then, (0, 0) is locally asymptotically stable if d» > d5 and it is unstable if
dy < dj.

Next, we show the bifurcation of the non-constant steady-state solutions following
(Crandall and Rabinowitz 1971; Shi 1999; Shi and Wang 2009). A steady state of
Eq.(3.1) is a solution of the elliptic system:

diAu + drdiv(uVu) + f(u) =0, x € @,
diAv+ L —v) =0, xeQ, 3.7)
Opu = dyv =0, x € 092.

In the following, we prove the occurrence of steady-state bifurcations in system (3.7).
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Theorem 3 Suppose that di, dy and f satisfy (H1) and (H2), and let d3, dy’, be
defined in Lemma 4.

(i) Suppose that Ay is a simple eigenvalue of (1.4), and dy’, # dﬁ‘jk forany k € N
and k # n. Then d, = dy’, is a bifurcation point for (3.7). More precisely, near
(dé‘jn, 0, 0), there is a smooth curve I'y, of positive solutions of (3.7) bifurcating
from the line of constant solutions {(dy, 0, 0) : d» > 0} with the following form:

Up = {(d2,n(s), Un(s, x), Va(s, x)) : =0 <5 < 8}, (3.8)
where § is a positive constant and

X
Un(s, x) =0 + 5Py (x) + 521,005, x), Vii(s,x) =9+s—¢"( ) +522,1(5, X),
dil,T+1

with smooth functions da ,(s), z1..(S,+), 22..(s, ) satisfying dz ,(0) = dé‘fn

and Zl,n(os ) = O» 12,71(0’ ) = 0;
(1) If in addition, Q2 is one-dimensional and 2 = (0, Im), then dé,n 0) =0and

) 20" ©O) — d¥ Aahn)O + f7(0)0F = 2dY 1,03 + dY, Anh, OF

d24’n(0) = 4600,h, CTTR ’
(3.9)
where @?, @%, @% are given by
0 _ _& 2 _ (4dy  nhy — F7O)A + 4diry7)
TR0 T 2A(F0) — Adian) (1 + AdiTan)? — 4dY, 00,1
02 — 4dy’ b — f"(0)
27 20(f1(0) — 4dian) (1 + 4d1Thn)? — 4d?, 03]’
(3.10)

and hn = n? /1%, hy = 1/(1 +dian7). Let dY , = d3. If dj  (0) < O, the bifur-
cation at dy = dy = dé‘f N 1s supercritical and the bifurcating steady states are
locally asymptotically stable; ifdg.N (0) > 0, the bifurcation at d, = d; = d;fN
is subcritical and the bifurcating steady states are unstable; all other bifurcating
steady states from dﬁ‘f , Withn # N are unstable.

The proof of Theorem 3 is given in the Appendix. From Theorems 2 and 3, d, =
dy < 0 is a critical diffusion rate where the constant steady state (9, 6) changes
stability, and it is rigorously shown that small amplitude stable non-homogeneous
steady state solutions could bifurcate from the constant ones at dy = d.

Remark2 1. Theorem 3 is a local bifurcation result as the nonlinear function f is
only defined in a neighborhood of u = 6. One may obtain a global bifurcation
diagram by the abstract bifurcation theorem in (Shi and Wang 2009) for a globally
defined nonlinearity f (u), but this is not pursued here.

2. In the discrete delay model considered in (Shi et al. 2020), a necessary condition
for pattern formation is that |d2| > d; /6. In the case of (1.1) with weak kernel, a
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necessary condition for pattern formationis dy < d5 < —(,/—7 f/(6) + 1)2d, /6
which implies thatd, < —d; /6. Thus, we see that |d2| > dj/0 is still necessary for
the pattern formation in the distributed delay case, but the delay value 7 increases
the threshold |d}| = |d5 (7). To achieve pattern formation, the magnitude of the
memory-based diffusion needs to be larger in the distributed delay case than in the
discrete delay case.

3. The average delay value t also affects the pattern selection. Let NV be the dominant
wave number which satisfies d3’y, = d5 asin Theorem 3. Then N is non-increasing
with respect to 7. Indeed one can observe that when we consider d’,, as a function

of continuous variable p = A, in (3.6), it reaches it maximum at p = /%.
1

Hence

N2 =)

AN = — A i
N vd?

3.11)

which implies that N is non-increasing with respect to 7.

4 Strong kernel case
From Theorem 1, the stability of the constant equilibrium u = 6 with respect to (1.1)

for the strong kernel case can be equivalently obtained through analyzing the following
reaction—diffusion system with chemotaxis:

ur(x,t) =diAu(x,t) + dadiv(u(x, t)Vo(x, 1)) + f(u(x, 1)), x € Q, t >0,

v (x, ) =diAv(x, 1) + T(w(x, 1) — v(x, 1)), xeQ, t>0,

we(x,t) =diAw(x,t) + %(u(x, 1) —w(x,t)), xe, t>0,

Jpu(x,t) = dyv(x,t) = d,w(x,t) =0, x €02, t >0,
4.1)

which admits a constant equilibrium (6, 6, 6). Linearizing Eq. (4.1) at (8, 6, 6), the
stability of (6, 6, 0) is determined by the following eigenvalue problem:

diAp + bOAY + f(0)p = np, x € Q,

diAy + Lo —v) = py, xeqQ, @2
8n¢ = 3n1ﬁ = 8n§0, x € 092.

Similar to the weak kernel case, the eigenvalues of (4.2) are the eigenvalues of the
Jacobian matrix

—didg + f1(0) —d2thy 0
y 1 1
o = 0 A
1 0 —diry—1
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where A, is the eigenvalues of (1.4) for n € Ny. Hence we have the characteristic
equations

1+ App? + B+ Cp =0, n e Ny, (4.3)
with
2 /
An = 3d1)tn + ; - f (9),
1\2 ) 1
By = (didn+— ) +2dihn = £/©O) (dirn+— ),

2d? di+dr0  21(0)d (0
Cn=d13k3+(71_f,(9)d%>ki+< L+ _ f()l)kn_f().

T 72
4.4)
Note that A, = —Trace(J;)) and C,, = —Det(J;]). By the Routh-Hurwitz stability
criterion, the matrix J; is stable (all eigenvalues have negative real parts) if and only
if
A, >0, C, >0, AyB,—C, > 0. 4.5)

From (H1), the condition A, > 0 always holds. Hence the matrix J; may lose the
stability either via C,, = 0 (which implies a zero eigenvalue of J;?) orvia A, B, —C, =
0 (which implies a pair of purely imaginary eigenvalues £+/B,i of J?). Also we can
observe that B, > 0 always holds so C,, = 0 and A, B,, — C,, = 0 cannot occur in the
same time.

To study these two kinds of instability, we define continuous functions A(p), B(p),
C(p) for p € [0, 00) so that A(A,) = A, B(Ay) = B, and C(%,;) = C,,. Then

C(p):=dip* +aip*+bip+eci,

3 3 5 (4.6)
Q(p) := A(p)B(p) — C(p) =8di{p” +arp” + b2p + c2,
where
2d? di+dr0  2f(6)d ¢
Cllz_l—f/(e)dz,b]: 1+22 _ f()l,C :_f(z)’
T T T T
16d? 10d; — dr60 124, f' (0
@ =0 g, by = 20 B0 PATO 2,

2/1 . \?
62=;(;—f(9)>-

Taking d; as the bifurcation parameter, we obtain the steady-state bifurcation points:

(') — dip)(dipt + 1)?
Op

d3, = d3 (), withdj (p) = ; 4.7
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and Hopf bifurcation points:

. 2ditp + D Qditp — f/(O)1 + 1)?
dfn ::dzH()»n), Wlthdf(p): (dizp + ;ti’a NG ). (4.8)

Note that d, = dg(p) is solved from setting C(p) = 0, so din satisfies C(1,) = 0.
Similarly d» = dfn is solved from setting Q(p) = 0, so dfn satisfies Q(1,,) = 0.

Some basic properties of functions df (p) and d2H (p) are stated in the following
lemma.

Lemma5 For df(p) and dzH (p) defined in (4.7) and (4.8), we have

(1) there exists py > 0 such that dzs(p) is increasing for p € (0, p,) and decreasing

or p € (px, +00), an p) attains its global maximum value < 0 at
( ), and d3 (p) attains its global maxi lue dj ¢ < 0
P = P« Moreover, we have lim d25(p) = —ooand lim dzs(p) = —o00.
p—0 p——+oo

(i) there exists p* > O such that df is decreasing for p € (0, p*) and increasing for
p € (p*, +00), and dzH (p) attains its global minimum value dy ;; > 0 at p = p*.
Moreover, we have lim d{' (p) = oo and lim d2H (p) = +o0.

p—0 p——+00

Proof With the expression of dg (p) givenin (4.7), we calculate the derivative of dég (p)
with respect to p and obtain

d
ZaSp) =
dp Q(P)

(dipt +1)H(p)

T 4.9)

with

H(p) = —2d3t6p* +di<0 f'©O)p — ['(6)6.
From Eq. (4.9), we can see that the sign of the derivative of dig (p) is the same as the
one of H(p) which is a quadratic function with a unique positive root p,. Thus, we
have H(p) > 0 for p € (0, p,) and H(p) < 0 for p € (ps, +00). The limits of d5
when p — 0 and p — o0 can be attained through a direct calculation. This proves
part (i). Part (ii) can be proved in a similar way.

We obtain the stability of (8, 6, 0) for Eq. (4.1) as follows.

Proposition 1 Suppose that dy, dy, f satisfy conditions (HI) and (H2) and t > 0.
Define

d5 ¢ := max {dzsn} , dj i *= min {dZHn} , (4.10)
’ neN ’ ’ neN ’

where dgn and dfn are defined in (4.7) and (4.8).

(i) when d;s <dy < dik,H’ all the eigenvalues of Eq. (4.3) have negative real parts,
and (0, 0, 0) is locally asymptotically stable with respect to (4.1);

(i) when dy > di“,H, 0,0, 0) is unstable and u = tiwgy (wg > 0) is a pair of purely
imaginary roots of Eq. (4.3) if d» = dfn
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(iil) when dy < dﬁk,s’ 0,0, 0) is unstable and n = 0 is a root of Eq. (4.3) if dy = dgn.

Proof From Lemma 5, A,, > 0 and lirn Ap = 00, d;‘ g and d;‘  exist and di“ <0<

d;‘ - From Lemma 5, when d3 55 < dz < d; - we have C(p) > 0 and Q(p) > 0 for
all p > 05so all the eigenvalues of J;; have negatwe real parts for n € Ny thus (0, 0, 9)
is locally asymptotically stable. When dy < d2 4» We have C, < 0 so the matrix J;

has at least one eigenvalue with positive real part, and when d, = d2 .0 J, has a zero
eigenvalue. This implies (0, 6, 6) when d, < d; 5- Whend, > d2 > WE have A, >0,

C, > 0but A, B, — C, < 0, so the matrix J; is unstable, and when d» = d2 A
has a pair of complex eigenvalues with zero real part.

From Proposition 1, Eq. (4.3) has a pair of purely imaginary eigenvalues
+iwg (wg > 0) when dp = d{ln. We show that the eigenvalue transversality con-
dition holds at dy = d’, .

Lemma6 Let dfn be defined in (4.8). Then, Eq. (4.3) has a pair of roots in the form of
uw = aldy) £iw(dy) when dj is near dfn such that o (dfn) =0and o’ (dan) > 0.

Proof We only need to show that o’ (d21:1n> < 0. Take derivative of both sides of Eq.

(4.3) with respect to dy (we denote d> temporarily by g to avoid the confusion in
notation), we have

dp A, i dB, dp  dC,
w 2424 R
ag " ag " ap " ap" g~ dp

=0. 4.11)

From the expressions of A,, B,, C, in Eq. (4.3), it is straightforward to see that

dA dB dc, o
no_g, Lon g Ln_Thm 4.12)
dp dp dp T

Substituting (4.12), 1 = iwo, By, = wj and B = dj’, into Eq. (4.11), we obtain

du _ Ory
dBlp=dfi,  2twg(—w} +iwpA,)
thus J o
a(dz)—Re(M ):2—n>0
dp lp= 2t(w} + A2)

Now by the Hopf bifurcation Theorem for quasilinear systems of reaction—diffusion
equations (Amann 1991), Proposition 1 and Lemma 6, we obtain the following result
of Hopf bifurcations in Eq. (4.1).

Theorem 4 Suppose that dy, d», and f satisfy conditions (HI) and (H2), and let dfn
be defined in (4.8). Suppose that A, is a simple eigenvalue of (1.4), and dfn #* dfk
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for any k € N and k # n, then a Hopf bifurcation occurs at dy = dfn for Eq. (4.1)
and there exist a family of periodic orbits in form of '

{(U,,(x, 1, 5), Tn(s),dén)(s)) L5 € (0, 8)},

where Uy (x,t,5) = (un(x,t,5), vy(x,t,5), wy(x,t,5)) is a T, (s) periodic solution
of Eq. (4.1) with dy = d\"(s) satisfying

2
NI

where B, is given in (4.4). Moreover, the bifurcating periodic orbits are spatially
non-homogeneous with spatial profile ¢, (x).

a0y = atl, lim Uy (x..5) = (6.6.6). lim T, (s) =

Atdy =dj ;= mié]l dfn, the bifurcating periodic orbits could be locally asymptoti-
? ne ’

cally stable, and if df v = d5 y forsome M € N, then the stable bifurcating periodic

orbits have the spatial profile ¢s(x) and are temporally oscillating with period Ty, (s).
We can also prove the steady-state bifurcations for (4.1) at d, = dg , Similar to the

weak kernel case. The steady states of (4.1) satisfy the following elliptic system:

diAu(x) + dadiv(u(x)Vo(x)) + f(u(x)) =0, x €,

diAv(x) + L(w(x) — v(x) =0, xeQ, “.13)
diAw(x) + L) —wx) =0, xeQ, '
dpu(x) = dyv(x) = 0, w(x) =0, x € 082,

and (0,6, 0) is a constant solution for system (4.13). Then we have the following
results.

Theorem 5 Suppose that dy, d», and f satisfy conditions (HI) and (H2), and let dgn

be defined in (4.7).

(1) Suppose that A, is a simple eigenvalue of (1.4), and dgn #* dik forany k € N
and k # n. Then dy = d;n is a bifurcation point for (4.13). More precisely, near

(dzs’ 2 0,0, 0), thereis a smooth curve I, of positive solutions of (4.13) bifurcating
from the line of constant solutions {(d>, 0, 0, 0) : d» > 0} with the following form:

[, = |(J2,n(s), U (s, x), V" (s, x), W"(s,x)) C <5< a}, (4.14)

where
U"(s,x) =0 4 s¢p(x) + 581,n(s, X),

Vis,x) =0 5¢n(x) + 5821 (5, X),

1
+ (1 +dir,1)?

1
W'(s,x) =0+ ms%(x) + 5830 (5, x),
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(i)

and dz ,,(s) 8in(s, )(l = 1, 2, 3) are smooth functions defined for s € (0, §)
such that dz’,,(O) d2 wand gin(0,-) =03 =1,2,3);

If in addition, <2 is one-dimensional and Q = (0, ), then cié’n(O) = 0and

@) 20(f70) = d3 Aha)O) + [7(0)0F — 2d5 3,03 + d5  Ah,OF

dy ,(0) =

4rnhy0 201, hy
(4.15)
where @?, @%, @% are given by
o 1O 5 (4d3 hnhn = f"O) (1 + 4d1 2y 7)
! 2770)" ' 20(f(0) — 4dihn) (1 + 4dThn)? — Ad3 O]’
o2 _ 4d3 by — 17 (6)

2720(10) — ddiin) (U + AdiTag)? — 4d3 03]

(4.16)

and hp = n* /I, hy = 1/(1+d\AyT)% Let dy = dj . Ifdj \ (0) < 0, the bifur-
cation at dy = d; g = dg N 18 supercritical and the bifurcating steady states are
locally asymptotically stable; if Jgﬁ ~(0) > 0, the bifurcation at dy = d; g = dZS’ N
is subcritical and the bifurcating steady states are unstable; all other bifurcating
steady states from d25: . Withn # N are unstable.

The proof of Theorem 5 is basically the same as the one for Theorem 3, so we omit it.

Remark3 1. From Lemma 5, it is clear that all steady-state bifurcation points satis-

fies d; S < 0 and all Hopf bifurcation points satisfies d, H > (0 for n € N. These
condmons implies that steady-state bifurcations only occur for negative d (attrac-
tive chemotaxis case), and Hopf bifurcations only occur for positive d; (repulsive
chemotaxis case). Thus there is no interaction between steady-state bifurcations
and Hopf bifurcations in this model.

. From (4.7), we can obtain that dg . < —di/0, thus d; ¢ < —di/0. Similarly, we

have d2 g > 2d1/6. Therefore, we can draw the conclusion that |dz| > dy/0 is
still a necessary condition for pattern formation in the distributed delay case with
strong kernel.

Again the average delay value 7 affects the pattern selection for both steady-
state and Hopf bifurcations. If positive integer N and M satisty d; y = d; g and

df y= d;‘! > then N and M both are non-increasing with respect to 7.

5 An example: logistic growth

When the growth function f (u) is taken as the logistic growth, Eq. (1.1) becomes

6.D

uy = diAu + dpdivwVo) +u(l —u), x€Q, t >0,
3nu=0, xeaQyt>Os

@ Springer



33 Page20o0f32 Q. Shietal.

where u = u(x, t) and v = v(x, t) is defined as (1.2). It is clear that Eq (5.1) has two
constant equilibria: ¥ = 0 and u = 1.

5.1 Weak kernel case
For the weak kernel case, (5.1) is equivalent to

u; = diAu~+ dpdivwuVo) +u(l —u), xe€ Q, t >0,
v =diAv+ L —v), xeQ, t>0, (5.2)
Opu = dyv = 0, x €08, t > 0.

The trivial equilibrium (0, 0) is unstable. For the positive equilibrium (1, 1), we can
apply Theorems 2 and 3 to obtain the stability of non-homogeneous steady states of
system (5.2) as f/(9) = —1 so (H1) is satisfied. The steady-state bifurcation points

are
U+ dia) (1 + didgT)

OAy

and for the bifurcation curves of one-dimensional domain Q = (0, [7r), we have
dé,n(O) =0 and

d=dY, = (5.3)

(1 +dirn7)(5 = 2d302T — 5dihy + 28d303T + 10d kT — 2d702)

d// 0) = 17n
2n0) 6hn(1 — 4d7127)

At the dominant wave number N satisfying dj = di ~ Where d3 is the maximum of
steady-state bifurcation points dg’ ,»» we have the approximating formula (3.11) which
now becomes djAy = 1/4/7. Using this yields

AT+ J7) (10ﬁ+ B2 +3)
18

&0 = - <0,
for any ¢ > 0. This implies that the bifurcation direction at the dominant wave
number is most likely to be supercritical and the bifurcating steady states are locally
asymptotically stable.

In Fig. 1, for a fixed t, when d» varies from right to left, the constant equilibrium
(1, 1) loses its stability at the first Turing bifurcation curve d, = dé‘fn (7) as defined in
(5.3). One can observe that, when 7 decreases, the dominant wave number N changes
from N = 2to N = 3 then N = 4. For example, when T = 4, the stability switch

occurs at mode-2 Turing line, and the constant equilibrium is stable when d, = —0.86
(P1) and unstable when d» = —0.93 (P2) (Fig.2 top row); when t = 1.5, the stability
switch occurs at mode-3, and the constant equilibrium is stable when d» = —0.45

(P3) and unstable when dy = —0.52 (P4) (Fig.2 middle row). In the stable case, the
solution of (5.2) converges to the constant equilibrium, while in the unstable case, the
solution converges to a mode- N non-homogeneous steady state. When t is chosen to
be a smaller value, we also observe spatially non-homogeneous time-periodic patterns
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n=1 Turing
45 K Bty n=2 Turing | |
~ N | n=3 Turing
\ n=4 Turing

e 250 % N, .

B AN
15k = P4\ o\ o P3 &
3 LR

d,

Fig. 1 The bifurcation diagram in parameter (d>, t) of system (5.2) when d; = 0.1 and 2 = (0, ), and
the bifurcation curves dy = dﬁ‘j ” (7) are plotted for n = 1, 2, 3, 4. The points are parameter values for the
numerical simulations and they are: P1 (—0.86, 4.0), P2 (—0.93, 4.0), P3 (—0.45, 1.5), P4 (—0.52, 1.5),
P5 (—0.56, 1.0) and P6 (—0.8, 1.0)

shown in Fig.2 bottom row, which are “wandering” and “drifting” periodic patterns
also observed in previous work of Keller—Segel model with growth (Painter and Hillen
2011; Ma and Wang 2015). These patterns are not a result of Hopf bifurcations from
the constant equilibrium as we show that situation is impossible in Sect. 3.

5.2 Strong kernel case

When the distribution kernel is taken as the strong one, the equivalent system of Eq.
(5.1)1s
uy = diAu + dapdivwVv) +u(l —u), x€Q, t >0,

v,:dlAv—i—%(w—v), xe, t>0, (5.4)
wt:dlAw—i—%(u—w), xe, t>0, '
Ot = dyv = dw =0, x €0, t>0.

The trivial equilibrium (0, 0, 0) is unstable, we can apply Theorems 5 and 4 for the
stability of the positive equilibrium (1, 1, 1) and the bifurcation of non-homogeneous
steady states and periodic orbits of system (5.4). The steady-state bifurcations occur
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Fig. 2 Numerical simulations of system (5.2) when parameters are d; = 0.1 and 2 = (0, 7). In each
figure, the color indicates the value of u(x, t) according to colorbar

at
_ (4 di)(+diaT)?

OAn

dy=dj, = 0, (5.5)
and the Hopf bifurcations occur at
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Fig. 3 The bifurcation diagram in parameter (d>, t) of system (5.4) when d; = 0.1 and 2 = (0, ), and
the steady-state bifurcation curves dp = di 2 (0 (for dy < 0) and Hopf bifurcation curves dy = dfn (1)
(for dy > 0) are plotted for n = 1, 2, 3. The points are parameter values for the numerical simulations and
they are: P1 (—2.5,4.5), P2 (—2.2,4.5), P3 (—1.35,2.0), P4 (1.0, 2.0), P5 (10.5, 2.0), P6 (—0.5, 0.5), P7
(1.0, 0.5) and P8 (4.0, 0.5)

2(d1th, + DQdiTA 1)2
d» :dH — (dithy + DQditrp + 7+ 1) = 0. (56)
Zn 0T,

Figure 3 shows the bifurcation diagram of system (5.4) in parameters d, and t,
where di = 0.1 and Q = (0, w). For a fixed t, when d; varies from right to left
starting from d, = 0, the constant equilibrium (1, 1, 1) loses its stability at the first
Turing bifurcation curve dy = di ,»(7) as defined in (5.5) to generate a spatial pattern;
and similarly when d> varies from left to right starting from d» = 0, the constant
equilibrium (1, 1, 1) loses its stability at the first Hopf bifurcation curve d, = d;’n (1)
as defined in (5.6) to generate a spatiotemporal pattern.

Again one can observe that when 7 decreases, the dominant wave number N (for
steady-state bifurcation) or M (for Hopf bifurcation) increases. When v = 4.5, the
only possible spatial patterns are Turing type (Fig.4 top row): the constant steady
state is stable (see (a)) if d) = —2.2 > di 1» while mode-1 Turing patterns emerge

ifdy = =25 < dé?l (see (b) and (c)). When 7 = 2.0, from the figures in the
middle row of Fig. 4, one observes a spatially non-homogeneous mode-2 steady state
at d» = —1.35, a homogeneous pattern at d, = 1, and a spatially non-homogeneous
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Fig. 4 Numerical simulations of system (5.4) when parameters are d; = 0.1 and @ = (0, 7). In each

figure, the color indicates the value of u(x, ¢) according to colorbar

mode-2 time-periodic pattern at d, = 10.5 (Fig.4 middle row). For t = 0.5, similar
sequence of patterns appear with mode-3 (Fig.4 bottom row). One can also observe
the spatially non-homogeneous time-periodic patterns at P5 or P7 are spatially and
temporally periodic with expected spatial modes, and they are of “‘checker-board” type
similar to the ones observed in the discrete delay version of spatial memory models

in (Shi et al. 2019, 2020).

6 Discussion

In the past decade, spatial memory and cognition attracted much attention in the
mechanistic modeling of animal movements (Morales et al. 2010; Fagan et al. 2013).
We recently proposed a novel diffusive animal movement model with explicit spatial
memory (Shi et al. 2020) by assuming that animals have information gained via their
long-distance sight or social communications with their conspecifics (Schldgel and
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Lewis 2014). Based on this recent work, we formulate a reaction—diffusion scalar equa-
tion with a distributed memory-based diffusion term to model the diffusive movement
of animals who can memorize past information. In Shi et al. (2020), the memory-based
diffusion is related to the memory of a particular moment in the past, which induces
the discrete delay. It is also mentioned that a distributed delay for memory growing
and decaying is more realistic since highly developed animals can remember the his-
toric distribution or clusters of the species in space, but these spatial memories are
decaying in their brains over time. Such decays may include decreases in intensity and
spatial precision (Fagan et al. 2013; Shi et al. 2020). Therefore, this new distributed
memory-based model (1.1) provides a more realistic quantitative framework for char-
acterizing complicated memory waning and gaining processes in a relatively simple
self-contained way.

The delay kernel plays a vital role in the modeling of distributed delay. In our case,
we consider the spatial memory related to the memorized information during all the
past times and the spatial distribution of the species. Thus, we need to choose proper
delay kernels both in space and in time. For the spatial delay kernel, we use the Green’s
function of the diffusion equation that has been employed by many researchers to study
the distributed delay effect (Gourley and So 2002; Chen and Yu 2016; Zuo and Song
2015). The temporal distribution of memory is modeled by the weak and strong kernel
functions (two special cases of the Gamma distribution function) that have clear bio-
logical meanings. Under such settings, we transform the scalar population model (1.1)
with the weak kernel into a two-species system (2.2) in which one of the “species” is
the memory of the other one. Similarly, a three-species reaction—diffusion system (2.5)
is obtained when the strong kernel is applied to the model. The method to establish the
equivalence between the scalar reaction—diffusion equation with distributed delayed
diffusion and reaction—diffusion system without delay is beneficial for us to gain a
deep understanding of the original delayed model (1.1). Moreover, we prove that the
eigenvalue problem of the original scalar Eq.(1.1) is exactly the same as the one for
the equivalent system, which implies the equivalence of the stability of the constant
steady state.

It is a pleasant surprise that Eq. (1.1) with the weak kernel is equivalent to the
Keller—Segel chemotaxis model with growth (Keller and Segel 1970; Tello and Win-
kler 2007; Painter and Hillen 2011; Ma and Wang 2015), which means that another
mechanism for this well-known model is established. In this case, the occurrence of
steady-state bifurcations from the constant equilibrium can be theoretically proved,
so non-homogeneous steady states exist. Through numerical simulations, we also
observed spatially non-homogeneous time-periodic patterns. However, it is still an
open problem to explain some drifting and wandering periodic patterns (see Fig. 2). For
the strong kernel case, steady-state bifurcations and spatially non-homogeneous Hopf
bifurcations from the positive constant equilibrium lead to spatially non-homogeneous
steady states and non-homogeneous time-periodic patterns (see Fig.4).

In our bifurcation analysis, we use the memory-based diffusion rate d> as the focused
parameter. Also, we obtain the conditions for pattern formation: d» < d; for the weak
kernel case and dy € (—o0, d; DAY (d; > T00) for the strong kernel case, which
both satisfy |dy| > 6d;, where 6 is the positive constant steady state. Therefore, we
can conclude that |dy| > 6d; is a necessary condition for pattern formation in system
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(1.1). This result is consistent with the necessary condition obtained in Shi et al. (2020)
for pattern formation of the discrete delayed spatial memory model. We also want to
emphasize the significance of average time delay t in the diversity of spatial patterns.
From the bifurcation diagrams Figs. 1 and 3, we observe that the first bifurcation curve
could be any mode as 7 varies, which implies that diverse spatial patterns can emerge.
In Fig.4, it is clear that the spatial structure of the non-homogeneous steady states and
time-periodic solutions is changing for different t values.

Cognitive mapping is “a series of psychological transformations for acquiring,
coding, storing, recalling and decoding spatial and attribute information in memory”
(Fagan et al. 2013). We assumed a specific form of cognitive maps in our mod-
eling efforts with explicit spatial memory. This heuristic model provides a simple
self-contained theoretical framework for the future development of animal movement
models with spatial memory. Our model can potentially be applied to quantitatively
describe the spatiotemporal dynamics of animal movements in either terrestrial or
aquatic ecosystems. It is natural to extend the modeling idea to interacting species in
an ecosystem, for instance, spatial memory of resource distribution by consumers and
spatial memory of predator distribution by prey. The aggregated research efforts in
this direction will contribute to the ecological theory of cognitive animal movements.
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Appendix

Proof of Theorem 3 We apply Theorem 1.7 of Crandall and Rabinowitz (1971) for the
local bifurcation. Fixing dy, T > 0, we define a nonlinear mapping F : R* x X2 — Y2
by

(7.1)

Fido. . v) = < d1Au + dodivuVo) + f(u)) .

diAv + %(u —v)

It is clear that F(d>,0,60) = 0 for any d» > 0. The Fréchet derivative of F with
respect to (u, v) is

dAg +d¥,0AY + f/(O)p

Fuw (d:6,0) lo. 1 = ( A AY + L9 — V)

) =Llp,y]. (71.2)

Step 1. First we determine the null space of L. From Lemma 4, we have D,, (dé‘fs) =0
so . = 0 is an eigenvalue of J¥ defined in (3.3) thus also an eigenvalue of (3.2) and
there exists ¢ = (¢, w1 =@, hy)¢, € N(L). Moreover as Tn(dé‘fs) >0,u=0isa
simple eigenvalue of J,"; and since A, is a simple eigenvalue of (1.4), and dy’, # d3’;
for any k € N and k # n, then u = 0 is as simple eigenvalue of L and

N(L) = Span{g = (1, hn)$n},
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with h,, = 1/(djAyT + 1), thus dim (V' (L)) = 1.

Step 2. We next consider the range space R(L) of L. We can verify that R(L) is given
by {(f1, f) € Y2 : (¢*, (f1, f)) = 0} where ¢* € N(L*) and L* is the adjoint
operator of L and defined by

diAg + ' (O)p + 1V ) . 7.3)

L'le.¥1= ( diAY +dP,00p — Ly

Since NV'(L*) = Span {¢* = (1, )" ¢}, where r,, = t(di A, — f'(9)). We obtain

R(L) = {(fl, H)er?: /Q(fl +rp f2) pndx = 0} ,

and codim (R(L)) = 1.
Step 3. We show that Fg, . v) (dé"’n, 0,0)[q] ¢ R(L). From (7.1), we have

Fayuw (d34.0,0) [q] = 0Ohn Ay, 0)T = (—0hnhntpy, 0)" . (74)

Since
f (=0 hny + 0) ppdx = —Or,hy, / P2dx <0,
Q Q

thus Fyu.v) (dg{n, 0, 9) [q] ¢ R(L) by the definition of R(L). From Step 1, 2 and 3,
now we can apply Theorem 1.7 of Crandall and Rabinowitz (1971) to obtain part (i).
Step 4. Now we consider the bifurcation direction and stability of the bifurcating
solutions in I';,. To obtain more detailed information of the bifurcation, we use one-

dimensional domain 2 = (0, [r). In this case, it is known that ¢, = cos(nx/l) and
A = n?/1%, sothat g = (1, h,)T cos(nx/I). From Shi (1999), we have

(l, F(u,v)(u,v)(dgfny 0,9)lq, ql)
2, Fayu,v(dy,, 0, 0)q])

85,,(0) = -

)

where [ € Y satisfies A'(I) = R(L) and can be calculated as

154

(I (o )= | (fi + rufo) cos (?) dx.
0

By (7.4) and the definition of /, we have

15,4
(1. Faru) (d2. 0.6) [q]) = —rnhn / cos? (%) dx = _Anhnblm
’ 0 [ 2

From (7.1), it can be obtained that

T
Fuu (@2, v)lp. VLo, ] = (24290 +2agy” + [/ )%, 0) . (1.5)
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This implies that

f (9)+<f Q)

2n
5 5 —2d§jnhnkn>cos - ,0

F(u,v)(u,v) (dgfn, 0, 9) .91 = (

and thus

(ls F(u,v)(u,v) (dgjnv 0’ 9) [q: (]])
I " "
_ J7(0) L CON 2nx nx _
_/(; ( 3 + < > Zdz’nh,,)h,,> cos (_l )) cos (_l )dx =0.

Therefore dé!n(O) =0.
Next we calculate dé’ ,(0) to determine the bifurcation direction by modifying the
calculation in Jin et al. (2013). From Shi (1999), dé’,n (0) takes the form:

<l, F(u,v)(u,v)(u,v) (dél’)n, 9, 9) [Qs q, 11]> +3 (ls F(u,v)(u,v) (d;,}n’ 99 9) [Qs ®]>

31 Faun(@,. 0.0)q1)

dy,(0) = -

where ® = (®1, ©3) is the unique solution of

Fluvyu,v) (dﬁljn, 0, 9) g, q]+ Fu, v (dg,)w 0, 9) [®] =0. 71.7)

From (7.5), we have

Fauvy . @, u, ) [0, ¥, Ve, v1 = (f" @, 0)7,
thus

I nx 3w
0 Furton (@3,.0.0) lg.q.a) = [ £ @ cost (55) ax = 2T 7).
0

(7.8)
In the following, we show the calculation of <l, Flu,vy,v) (d&”n 0, 9) lg, ®]>. By
(7.6) and (7.7), we may assume ® = (®1, ©;) has the following form

2 2
0 = 6Y + O3 cos (?) , ©, = 09 + ®2 cos (?) , (7.9)
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since Fy,v)(u,v) (d2 0, 9) consists of only constant and cos ( ) terms. Substituting
(7.9) into (7.7), we obtain

0,03 o8 () — 02,0 o5 (32) + 10) (6 + 0 os ()
—4dlk ®3 cos (2'”‘) 100 — ©F + (O] — ©3) cos ()]

(PO (O LAWY
= — ( > + < ) - 2d2,n)"nhn> cos (T) ’ 0) .

Form Eq. (7.10), we can solve ® as in (3.10). Thus, we obtain

(7.10)

(I, Funww (@3, 0,0)1q,0])
I
=2d5’', A (®2+h C] )/ sm( )sm (nlx)cos (%) dx
+ (") — d3’ hnhn ) 87 / cos® ( l )dx
0
2 2 2\ 2 Iz 2nx 5 (NX
+ (f//(9)®1 - dg’)n)"nhn@] - 4d;fn)\,n®2) ®l / COs (T) COS (T) dx
0
Im Im
=7d§‘fn(®% + h,®n,) + - (f"(0) = d¥ ,rnhy) O
Im
n I(f”(g)@% —4dY 3, O3 — dY, Anhy OF).
Using all above we obtain dé/’n(O) in Eq. (3.9).
Step 5. By applying Corollary 1.13 and Theorem 1.16 of Crandall and Rabinowitz

(1973) or Theorem 5.4 of Liu and Shi (2018), the stability of the bifurcating non-
constant steady states can be determined by the sign of . (s) which satisfies

—sdé_’n (s)m/(dé‘,’n)

im =1, (7.11)
5—0 w(s)

where m(d>) and w(s) are the eigenvalues defined as

Fu,v)(d2, 0, 0)[e(d2), ¥(da)] = m(d2)K[o(d2), ¥(d2)],
fords € (dY, — €, d¥, + ),
Fuw)(@d2.n(s), Un(s), Va(s)[A(s), D(s)] = u(s)K[A(s), P(s)], fors € (—4,9),

with K : X — Y is the inclusion map K(u) = u, m (dﬁljn) = () = 0 and
(0 (a,). v (a,)) = (A, ©©O) = (1, hy) cos ().

Now consider the bifurcation at d, = é" N= di". From Lemma 4, (6, 0) is stable
and m(dy) < 0 when dp > dﬁ’fN, and it is unstable and m(dp) > 0 when dp < dé‘fN.
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—Ty + /Ty —4Dy

2 ’

One can calculate that

m(dy) =

where Ty, Dy are defined in (3.5), and this implies that m’(dé’fN) = —0An/(TnT) <
0.If dé”N(O) < 0, then dé’N(s) < O fors € (0,6) and dé’N(s) > 0 fors € (=6, 0).
Hence —sdé(s)m’(dé‘fN) < 0 for s € (—38,8)\{0}, and consequently u(s) < 0
by(7.11) and the bifurcating solutions are locally asymptotically stable. Similarly
when dé” ~(0) > 0, the bifurcating solutions are unstable. For any other bifurcation at
dr = dé‘fn < d;‘, the trivial solution (8, 0) is already unstable at the bifurcation point,
hence all bifurcating solutions are also unstable.
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